show an initial peak before the plateau. To conform to the Starling model, the initial peak must be of small magnitude or dismissed as a transient. We developed a method to simulate fast or slow inspirations through the human upper airway, to test the hypothesis that this initial peak is a transient. Eight subjects [4 obstructive sleep apnea (OSA), 4 controls] slept in an "iron lung" and wore a nasal mask connected to a continuous/bilevel positive airway pressure machine. Downstream pressure was measured using an epiglottic catheter. During non-rapid eye movement (NREM) sleep, subjects were hyperventilated to produce a central apnea, then extrathoracic pressure was decreased slowly (ϳ2-4 s) or abruptly (Ͻ0.5 s) to lower downstream pressure and create inspiratory airflow. Pressure-flow curves were constructed for flow-limited breaths, and slow vs. fast reductions in downstream pressure were compared. All subjects exhibited an initial peak and then a decrease in flow with more negative pressures, demonstrating negative effort dependence (NED). The rate of change in downstream pressure did not affect the peak to plateau airflow ratio: %NED 22 Ϯ 13% (slow) vs. 20 Ϯ 5% (fast), P ϭ not significant. We conclude that the initial peak in inspiratory airflow is not a transient but rather a distinct mechanical property of the upper airway. In contrast to the classical Starling resistor model, the upper airway exhibits marked NED in some subjects. obstructive sleep apnea; Starling resistor; negative effort dependence; pharyngeal upper airway; lung
OBSTRUCTIVE SLEEP APNEA (OSA) is a common disease characterized by repetitive collapse of the upper airway during sleep, leading to arousals, sleep fragmentation, and intermittent hypoxia. OSA has multiple contributing factors, but compromised upper airway anatomy is likely the dominant factor in many cases (10) . To understand better the impact of pharyngeal anatomy, the upper airway has been modeled as a classical Starling resistor, i.e., a tube with rigid upstream and downstream segments and a collapsible midsection (28) . Applied to the upper airway, the classical Starling resistor model emphasizes flow limitation during inspiration and a single effective peri-airway pressure (7) . Specifically, once downstream (e.g., epiglottic or tracheal pressure at the thoracic inlet) and intraluminal pressures in the collapsible midsection drop below this surrounding tissue pressure, then flow limitation occurs. Despite further decreases in downstream pressure, airflow remains constant. The constant flow rate is determined only by the difference between the upstream (i.e., airway opening, usually atmospheric) pressure and surrounding tissue pressure, as well as the resistance of the upstream segment. It is therefore independent of downstream effort.
Applied to the upper airway, the Starling resistor model has been useful to explain snoring, hypopneas, and obstructive apneas as arising from the same pathophysiology but along a spectrum of severity. The model also provides a mechanism for the benefit of continuous positive airway pressure (CPAP) in the treatment of OSA (flow is increased by raising the upstream pressure above atmospheric pressure). Likewise, experimentally decreasing the upstream pressure to below atmospheric pressure via a nasal mask can also induce flow limitation and obstructive apneas in healthy subjects (27) . Finally, the model allows for an estimation of the upper airway surrounding tissue pressure, the pharyngeal critical closing pressure (Pcrit), by varying the nasal pressure during sleep, observing the change in inspiratory flow, and extrapolating the pressure to zero flow. Measurement of Pcrit in a number of subjects has confirmed its value in predicting OSA, and it may explain the mechanism of benefit observed with various therapies for OSA such as weight loss or upper airway surgery (6, 25, 26) .
If the upper airway is indeed a classical Starling resistor, then flow-limited inspiratory airflow should be relatively constant, i.e., have a characteristic "flattened" pattern when the downstream pressure is reduced below Pcrit. As noted above, once the downstream pressure falls below Pcrit, airflow will be determined only by the difference between the nasal pressure and Pcrit, divided by the resistance of this upper airway segment. Further decreases in pressures downstream do not influence airflow (28) . However, it is generally recognized that many OSA patients have a significantly different pattern of flow limitation (Fig. 1) , in which flow actually decreases as downstream pressure becomes more negative (1, 17) . This phenomenon, referred to as negative effort dependence (NED), is often of substantial magnitude and, when marked, is inconsistent with the Starling resistor model. One way to reconcile these observations with the Starling resistor model is to hypothesize that the observed early peak (the "blip" in Fig. 1 ) in flow is a transient. That is, this early peak in flow might represent air that flows through the upper airway before the walls (which have some finite mass and viscosity) can collapse and form a Starling resistor choke point.
Another practical question arising from this early peak in flow is how to measure the Pcrit of the upper airway. Pcrit is usually measured using a series of airway pressure drops to induce flow limitation. The peak flow and mask pressure are then plotted to determine the Pcrit by extrapolation to zero flow. Some investigators have used the peak flow (the "blip" for those with NED) (15) , while others have used the flow at midinspiration (the plateau), thus ignoring the early peak (28, 29) . Understanding the nature of the early peak could better inform this debate.
One hypothesis is that the early peak or blip is a transient. This hypothesis can be supported or disproved experimentally by examining downstream pressure/flow relationships as a function of inspiratory speed. Specifically, an observed dependence on the dynamics of inspiration (with fast changes in downstream pressure increasing the transient peak magnitude, and slow changes diminishing it) would support the hypothesis; independence of the dynamics of inspiration would disprove it. To test this hypothesis, we designed an experiment to vary the speed of inspiration in subjects with and without OSA during sleep. Briefly, subjects slept inside an "iron lung" with a nasal mask, and once asleep were hyperventilated using noninvasive positive pressure ventilation. During a subsequent central apnea, the pressure inside the iron lung was reduced at different speeds to produce fast or slow inspirations. With this protocol, the testable prediction is that rapid inspirations would exhibit a prominent blip (with more air sucked through the upper airway before the walls collapse). In contrast, slow inspirations would have little or no blip, and essentially conform to the classical Starling model, since the upper airway walls would have ample time to collapse and achieve a steady state.
METHODS

Subjects.
Five control subjects and four subjects with OSA were recruited. Control subjects were not known to have any sleep disorder and denied habitual snoring. Subjects were classified as OSA if they were habitual CPAP users and had been on therapy Ͼ3 mo. No study subject smoked, had any other respiratory disorder, or took medications known to affect respiratory or airway/muscle function. All subjects gave written, informed consent before participation in this study, which was approved by the Partner's Healthcare Human Research Committees. None of the findings of the present study has been previously published.
Equipment and set-up. The study consisted of a single overnight experiment. Subjects arrived at the sleep laboratory 2 h before their usual bedtime. Wakefulness and sleep stages were determined using standard electroencephalogram, chin electromyogram, and electrooculogram. Airway pressure was measured at the level of the epiglottis using a pressure-tipped catheter (Millar MPC-550, Millar Instruments, Houston, TX) passed through the nose and advanced 1.5-2 cm below the base of the tongue under direct visualization. Prior to insertion, both nostrils were sprayed with 0.05% oxymetazoline hydrochloride, a decongestant, and the more patent nostril was then anesthetized with 4% lidocaine topical spray. A nasal mask (Profile Lite or GoldSeal, Respironics, Murrysville, PA) was placed over the nose, and airflow and pressure were measured with a pneumotachograph (model 3700A, Hans Rudolph, Kansas City, MO) and a differential pressure transducer (model MP45, Validyne, Northridge, CA), respectively. Expired CO 2 was continuously recorded from a catheter placed in the nostril with a capnograph (Vacumed, Ventura, CA). Arterial blood oxygen saturation via pulse oximetry (BCI, Waukesha, WI) and the electrocardiogram were monitored throughout the study for safety purposes. During the night, positive pressure was provided using either a modified CPAP machine (Respironics) capable of providing positive or negative pressure, and able to switch rapidly between settings (for Pcrit determination), or a commercially available BiPAP Synchrony device (Respironics) (for controlled fast and slow inspiration protocols). Patients slept in a head-out rigid shell (Porta-lung, Murrysville, PA) attached to a vacuum (ShopVac, Williamsport, PA) to decrease extrathoracic pressure. The vacuum speed could be manually adjusted to vary the rate of decrease in iron-lung pressure. All data were acquired on a 1401 plus interface and Spike 2 software (Cambridge Electronic Design, Cambridge, UK).
Protocol. Subjects were given 10 mg of zolpidem just prior to bedtime to facilitate sleep. Once inside the iron lung, subjects were allowed an opportunity to sleep after nasal CPAP was applied. CPAP was initially set at the therapeutically prescribed level for OSA patients and at 4 cmH 2O for controls, and it was increased if needed during sleep to eliminate flow limitation (defined as flattened inspiratory flow despite increasingly negative epiglottic pressure), snoring, or chest-abdomen paradox. This level of CPAP is referred to as the holding pressure. Once stable non-rapid eye movement (NREM) sleep had been achieved, the passive Pcrit was measured (see below). During the remainder of the night, by the process described below, "controlled" inspirations of varying speeds were accomplished during hyperventilation-induced central apneas.
Pcrit measurement. Pcrit measurements were performed to determine the appropriate upper airway pressure that would produce airflow limitation, once the downstream pressure was lowered as part of the controlled inspirations. Using the modified CPAP machine, passive Pcrit measurements were made by abruptly dropping the airway pressure for five breaths from the holding pressure to progressively lower CPAP levels, typically starting 1 or 2 cmH 2O below the holding pressure and progressing in decrements of 0.5 or 1 cmH2O per drop. If necessary, negative airway pressure was applied. Pressure drops were separated by at least 1 min and until a new stable baseline was observed. Patients were given time to reenter stable sleep after brief arousals, but if they awoke the measurement was aborted. During the night of the experiment, these pressure drops were used to obtain rough estimates of Pcrit. After completion of the study night, quantitative estimates of Pcrit were determined from peak inspiratory flow vs. mask pressure from breaths 3-5 during the pressure drops, if the breaths were flow limited. For each such series, peak inspiratory flow was linearly regressed against mask pressure, and Pcrit was defined as the zero-flow intercept of this regression (20) . If multiple measurements were made during the night, the reported value is the average of all the measurements. Controlled fast and slow inspirations. After the Pcrit measurement, the remainder of the night was devoted to controlled fast and slow inspirations, as follows. During stable NREM sleep, patients were hyperventilated using bilevel positive airway pressure (PAP) in a timed (T) mode. The goal of the hyperventilation was to induce a central apnea of at least 20 s once noninvasive ventilation ceased. To achieve this, the expiratory positive airway pressure (EPAP) level was set to the holding pressure, and the inspiratory positive airway pressure (IPAP) level was initially set at least 4 cmH 2O above the EPAP level and increased as needed to augment tidal volume. Similarly, the initial respiratory rate was set 2 breaths/min faster than the spontaneous breathing rate, and was increased if necessary to produce a sufficiently long central apnea.
After each period of hyperventilation and during the subsequent central apnea, the mask pressure was lowered to ϳ2 cmH 2O above the estimated Pcrit using CPAP or continuous negative airway pressure (CNAP). After allowing time for lung volume to equilibrate (ϳ10 s), the pressure inside the iron lung was decreased either rapidly or slowly (Fig. 2) , in random order. The reduction in extrathoracic pressure was transmitted to the airway, leading to a decrease in epiglottic (downstream) pressure and an increase in airflow through the upper airway into the chest. Flow limitation could be observed if further decreases in downstream pressure did not result in increases in airflow (Fig. 2) . If successful, the process was then repeated with the alternate rate of pressure decrease. Over the course of the night, pairs of "fast" and "slow" breaths were created as often as possible.
Analysis. From each of the controlled breaths airflow was plotted against the change in epiglottic pressure from baseline. If an arousal (noted as abrupt shift in EEG frequency and/or increase in EMG tone) occurred during the controlled breath, only data prior to the arousal were considered. The data were considered in two ways: 1) paired fast and slow breath analysis: if available, the peak flow heights from paired fast and slow breaths were compared; and 2) comparison of percent NED across fast/slow pairs: to allow for comparison of breaths from across the night, we quantified for each breath the percent negative effort dependence (%NED), defined as the difference between peak and plateau flow, divided by the peak flow (Fig. 3) . A %NED of 0% would be expected with a pure steady state Starling resistor; in contrast a large %NED (e.g., Ͼ50%) corresponds to a large blip. The plateau airflow was defined as the airflow at the most negative downstream pressure common to most of the controlled breaths (typically approximately Ϫ5 cmH 2O). The %NED of all fast and all slow inspirations was then compared for each subject.
Statistical analysis. The %NED of all fast and all slow inspirations was compared for each subject using a paired t-test. A P value of Ͻ0.05 was considered statistically significant. Values are presented as means Ϯ SD unless otherwise indicated.
RESULTS
Subject characteristics.
Complete data could not be obtained in one control subject due to poor sleep. The anthropometric, polysomnographic, and passive Pcrit data for the eight remaining subjects (4 OSA, 4 controls) in whom complete data were obtained are shown in Table 1 .
Fast and slow inspirations. Controlled fast breaths typically were associated with a change in the downstream pressure over ϳ0.5-1 s; controlled slow breaths had a similar magnitude change in downstream pressure over 2-4 s (Fig. 4) . Note that these controlled inspiratory times are approximately one-half and double the normal length of time necessary to achieve the nadir negative downstream pressure, ϳ1 s.
Paired fast and slow breaths. It was often difficult to obtain contiguous fast and slow breaths pairs for a number of reasons: lack of central apnea following hyperventilation, arousal during the maneuver, no airflow limitation, or only a small change in downstream pressure which would limit comparison to other breaths. The number of attempted controlled breaths and those that yielded data are shown in Table 2 . One or more of these reasons made it difficult to obtain pairs of fast and slow breaths that were uninterrupted by arousal, which led to very different peak and plateau flows (suggesting a change in the upper airway between controlled breaths). Representative pairs of curves successfully obtained are shown in Fig. 5 . In only one subject was peak airflow statistically significantly greater during fast breaths compared with slow breaths, but the magnitude of this difference was small ( Table 2) . Percent negative effort dependence. All subjects exhibited some degree of NED. In fact, even when the analysis was restricted to a modest common downstream pressure the average %NED was ϳ21%, although the amount was variable (range: 4.8 -49.8%) (see Fig. 6 ). The degree of NED was not associated with the diagnosis of OSA, with some OSA subjects exhibiting little NED (e.g., subject 4), and some control subjects having substantial changes in flow with effort (e.g., subjects 1 and 3). As can be seen in Figs. 5B, 6, and 7B, there were many instances in which there was no "plateau" flow seen-flow continued to decrease with decreasing negative pressure. Thus the maximal amount of NED could be even more substantial with slightly greater decreases in downstream pressure.
For a given subject, when all breaths across the night were grouped according to fast and slow inspirations, and analyzed for percent negative effort dependence, there was no difference in the degree of negative effort dependence between slow and fast breaths (Table 2) .
Off-blip. Although we were focused on early inspiration, an occasional unexpected finding was the increase in airflow during late inspiration when respiratory effort was decreasing, an "off blip" (Fig. 7) . This off blip during late inspiration had a similar flow-pressure relationship as the airway during early inspiration. Although the initial blip demonstrates that increasing effort decreases inspiratory airflow, the off blip shows that the converse is also true: that less effort can increase airflow.
DISCUSSION
The current study tested the hypothesis that the initial peak in inspiratory airflow, or "blip," during flow-limited breathing is a transient phenomenon due to the dynamic properties of the upper airway walls. However, contrary to the prediction of this hypothesis, the rate of change in the downstream pressure did not cause a change in peak airflow, i.e., we could not draw more flow through the airway with a fast breath compared with a slow breath. This observation leads us to conclude that the blip is not a transient phenomenon, i.e., inertial or viscous effects are essentially negligible, and thus the airway behaves as a purely elastic structure on the time scales tested. The blip, therefore, reflects the intrinsic elastic properties of the upper airway, whereby reduced flow occurs as downstream pressure becomes more negative [i.e., negative effort dependence (NED)]. We also observed an increase in flow toward late inspiration as downstream pressure subsided (the "off blip"), further supporting the view that NED is a mechanical property of the upper airway. The major implication of this finding is that because the blip cannot be dismissed as a transient phenomenon, the magnitude of true NED is much greater than generally appreciated. In the current experiments most subjects had substantial decreases in flow compared with the inspiratory peak airflow (some over Ͼ50%) with increasing effort and had no clear "plateau" in airflow. These findings are thus inconsistent with the classical Starling resistor model, at least in these individuals, which predicts little to no NED.
In fact, all of our subjects exhibited NED using our experimental technique. Decreases in airflow occurred with changes in downstream pressure that are similar to the changes seen during flow-limited breathing during sleep. In other words, we did not produce NED by decreasing downstream pressure well below the physiological range. Our data suggest that NED is a property of most upper airways when relatively passive, and can be substantial. However, given the patterns of airflow limitation seen during clinical and research polysomnograms (1), it appears that some patients either truly have Starling resistor flow limitation or appear to have Starling resistor flow patterns (23) .
Two of the factors likely to be important in preventing or minimizing NED are mechanical and neural changes that occur during inspiration. The increase in lung volume during inspiration has been shown to decrease upper airway collapsibility, likely through tracheal traction (8, 18) . Animal experiments have also shown increases in flow (22) and decreases in extraluminal tissue pressures with tracheal traction (13, 14, 22) , and experimental tube models show increased flow with increased strain (2) . Neural changes should also promote improvement in the upper airway during inspiration, both through direct activation of muscles as well as other muscles activated by the negative pressure reflex (9) . Thus, while we can speculate on the mechanisms that minimize NED, the underlying cause of NED remains unknown.
The classical Starling resistor model posits that the upper airway behaves as a collapsible tube with a single peri-airway pressure. In reality, the upper airway is a complex structure with multiple elements (e.g., soft palate, uvula, tongue, tonsillar tissue, peripharyngeal fat). The substantial NED we see may be a result of one or more of these elements being sucked into the airway, as in our recently proposed "tippy tongue" model (5), or reflect a lack of stabilizing force by inactive or ineffective muscles (e.g., genioglossus, tensor palatini), which show electrical activity but exert minimal mechanical effect (3, (6) . Note that fast breaths do not produce substantially higher peak flow. B: similarly, pairs of fast (thin lines) and slow (bold lines) breaths from two time points (X and Y) during the night in a control subject (7) . In this second example, there is moderate negative effort dependence with a drop from peak flow of ϳ30% with increasing effort.
16). However, there are other possibilities, such as abrupt changes in upper airway geometry (folding) (2, 12) or the upper airway behaving like a muscular hydrostat (11) . Finally, the upper airway may otherwise have the characteristics of a Starling resistor (a compliant tube with area defined by local pressure), but the extraluminal tissue pressure may not have a single fixed value (although as above, our current understanding of tissue pressure would not explain NED). Most relevant to the current work, all of these alternate models deviate from the classical Starling features of constant flow and/or single effective tissue pressure. Similarly, small amounts of NED (as is often seen in physical Starling resistors) would not draw comment; however, the magnitude of NED in our subjects is substantial. Our findings have implications for OSA research and perhaps clinical management. As stated above, different groups have used the flows at different inspiratory times to compute Pcrit. Our findings indicate that the blip is a "real" property of the airway walls, in the sense that it is largely independent of dynamics, and not simply a transient phenomenon based on the speed of inspiration. Our work thus supports the use of peak inspiratory flow. Because the blip is not a transient, the downstream pressure at peak flow can be used to measure Pcrit, regardless of the speed of inspiration. However, it also highlights the limited value of Pcrit in some patients. It is likely that Pcrit is extremely important in patients with a Starling resistorlike upper airway; in those individuals, Pcrit alone may be predictive of OSA susceptibility and severity. However, in patients with substantial NED, where airflow is not constant with increasingly negative downstream pressure, we suggest that the Pcrit alone may not be as predictive of OSA susceptibility and severity since both Pcrit and downstream pressure (i.e., respiratory effort) are relevant. This concept will require further study.
Recognition that different individuals have different amounts of NED is important, insofar as it relates to the site and timing of collapse. The upper airway of patients with substantial NED may collapse during inspiration. In such patients, for example, hypoglossal nerve stimulation during inspiration might be particularly effective (24) . Conversely, expiratory nasal resistance valves, which are thought to exert their effect primarily during expiration, may be ineffective in those with inspiratory collapse (4, 19) . Similarly, pharmacological efforts to improve OSA via augmented respiratory drive, such as acetazolamide, may have variable effects depending on the degree of negative effort dependence. Patients with substantial NED might have decreased ventilation with increased respiratory effort (more negative downstream pressure). In these patients, the balance of forces between upper airway muscles and inspiratory pump muscles will be critical (21) . If NED is indeed important in understanding OSA, or in choosing treatments, then recording methods will need to ensure high-fidelity (e.g., minimally filtered) nasal pressure tracings that should easily detect and quantify NED.
Limitations. There are a number of limitations that must be considered. First, we studied a small number of subjects. However, our major findings are unlikely to change substantially with the study of more subjects. That being said, larger studies across a range of patient populations will be necessary to determine the clinical utility of our findings and potential clinical predictors of negative effort dependence. Second, the . While all subjects exhibited some degree of negative effort dependence, there was substantial variability among subjects. Subject 1 (a control) demonstrates Ͼ50% negative effort dependence, and there is no clear plateau. In contrast, subject 4, who has obstructive sleep apnea (OSA), shows only ϳ20% decrement from peak flow with increased effort, with a clear plateau in airflow. This plateau in flow could be due to anatomy or compensatory inspiratory phasic muscle activation.
experimental conditions were highly artificial. Many of the interventions that we made (administration of a sedativehypnotic, hyperventilation with noninvasive positive pressure ventilation) should minimize intrinsic inspiratory muscle activity. It may be that during natural inspiration, pharyngeal and tongue muscle serve to open or stiffen the airway, preventing negative effort dependence. However, the flow patterns we observed in the passive airway are similar to those seen on clinical polysomnograms or in other experiments in which respiratory effort is normal or even increased. Additionally, the physiological changes we performed did in many ways mimic natural breathing: lung volume increased during inspiration, and the drop in intrathoracic pressure increased venous return of blood from the neck, all changes that should have improved the upper airway further as downstream pressure decreased. We did not measure muscle activity, as these were already very invasive studies. However, we expect muscle activation to be low during our hyperventilation protocol and, as above, muscle activation should offset NED. Finally, it is possible that flow could exhibit a transient overshoot if downstream pressure fell faster than we tested, but as our tests spanned inspiratory speeds both sub-and supraphysiological, this possibility is of marginal interest.
Conclusion. This study provides compelling evidence that the initial blip seen during inspiratory airflow limitation is not a transient, but rather reflects the intrinsic elastic properties of the upper airway. The degree of NED in the upper airway must be measured relative to the inspiratory peak and can therefore be much greater than is usually appreciated. As a result, the classical Starling resistor model is not appropriate in those individuals in whom NED is marked. These findings have important implications for understanding and phenotyping upper airway behavior in OSA. 
